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Abstract
First-principle calculations are employed to show that the magnetic structure of small
atomic clusters of Co, formed on a crystalline W(110) surface and containing 3–12 atoms,
strongly deviates from the usual stable ferromagnetism of Co in other systems. The clusters are ferri-, ferro- or non-magnetic, depending on cluster size and geometry. We determine the atomic Co moments and their relative alignment, and show that antiferromagnetic spin alignment in the Co clusters is caused by hybridization with the tungsten
substrate and band filling. This is in contrast with the typical strong ferromagnetism of
bulk Co alloys, and ferromagnetic coupling in Fe/W(110) clusters.

magnetic order that show characteristic properties as a result of nanostructuring are the complex magnetic ground
state in Fe monolayers on Ir(111) [14], antiferromagnetism
in Fe layers on W(100) [3], and the non-collinear spin alignment in Mn on W(110) [5]. Electronic hybridization with
the substrate often plays an important role, adding complexity to effects such as the non-collinear spin alignment
in Cr trimers as a result of geometric frustration of AFM
interactions [15].
The frequent occurrence of non-ferromagnetic spin configurations in Cr, Mn, and to a lesser extent in Fe is caused
by the general trend towards AFM interactions in metals
with nearly half-filled d-bands. By contrast, late iron-series
transition-metal elements, especially Co, tend to exhibit
robust ferromagnetism in strained systems, nanostructures, and alloys. A good example of the latter is the hexagonal intermetallic Y2Co17, which maintains a high Curie temperature TC = 894 °C, as compared to TC = 44 °C in
the isostructural alloy Y2Fe17 [9]. Cobalt-poor alloys with
non-magnetic metals such as W and Y tend to lose their
magnetic moments but become non-magnetic rather than

Magnetic nanostructures often exhibit spin configurations that do not naturally occur in bulk materials. For example, iron is a prototypical ferromagnet in its bulk bcc
phase but exhibits low-spin–high-spin transitions, antiferromagnetism, complex spin structures and even non-collinear magnetic order in thin films and other nanostructures [1–5]. This diversity is especially pronounced for
dense-packed fcc-like atomic environments [6–8]. By contrast, metallic cobalt tends to exhibit stable ferromagnetism
(FM), even in dense-packed atomic arrangements [9] and
in nanostructures [10].
The magnetic moment and its average, the magnetization, are the most fundamental magnetic properties. They
depend on the atomic environment and can be tuned by
alloying and nanostructuring, thereby creating [11], enhancing [12] or reducing [13] the magnetization and yielding phenomena such as high-spin–low-spin transitions [2].
The coupling between magnetic moments is antiferromagnetic (AFM) in a number of materials, especially if the
structures contain atoms from the middle of the transition
metals series, such as Cr, Mn and Fe. Recent examples of
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ferrimagnetic or AFM [16]. However, the monolayer of Co
on W(001) surface was surprisingly predicted to have antiferromagnetic ground state [17].
In the present work, we demonstrate from first principles that atomic cobalt clusters of particular size and geometry on the W(110) surface may exhibit AFM coupling, not
present in layers of Co on W(110) [18–20] and on 2D tungsten carbide layers [21], and especially in striking contrast
to the FM coupling in bulk Co, ultrathin films and nanoclusters of Co on various fcc and bcc substrates [10]. For comparison, we also show that such a behavior is absent in the
Fe clusters of the similar geometry.
Figure 1(a) shows the structural model used for the calculations. We consider CoN atomic clusters containing
N = 3–12 Co atoms on bcc(110) tungsten supercell. We perform our calculations using the projector augmented wave
(PAW) method [22], implementation of PAW in Vienna
ab initio simulation package (VASP) [23] within Perdew–
Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) [24] of the density functional theory (DFT).
The simulations were performed using periodic boundary
conditions in the 3 layer slab geometry. In particular, the
unit cell for Co4 clusters has lattice parameters a = 8.94 Å,
b = 6.32 Å, c = 20 Å (this corresponds to 2 by 2 translations
of W(110) unit cell), with vacuum layer of ~12 Å in c-direction. The unit cell for all other clusters has lattice parameters a = 8.94 Å, b = 12.64 Å, c = 20 Å. We use 6 × 6 × 1 kpoint sampling for smaller and 4 × 4 × 1 k-point sampling
for larger cells, and the Blöchl’s tetrahedron integration
method [25]. We relax the atomic positions of all atoms in
the unit cells until Hellmann–Feynman forces were less than
0.005 eV Å−1. Based on the relaxed positions, we use second-order perturbation theory and the Green’s function approach [7, 26] to calculate the exchange interaction parameters. The effective exchange interaction is calculated from
J0 = 1
4π
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where Δ = t0↑ – t0↓ , and t is the inverse single-site scattering matrix and T is the matrix of the scattering-path
operator.
Figure 1(b) summarizes the calculated results for the net
magnetic moments 〈m〉 of Co and Fe clusters as a function of the number N of atoms per cluster. The magnetization of the rhombic Co4 and Co12 clusters is strongly reduced by AFM exchange inside the clusters. In all clusters,
the spin density is localized at the Co atoms but slightly extended towards the nearest W neighbors. This indicates the
hybridization of Co and W states, which, however, does
not yield a significant spin polarization in the W substrate.
The present calculations indicate the AFM exchange in the
system, although the sign and strength of the exchange
coupling vary with cluster configuration, and we also obtain FM (Co3, Co5) and non-magnetic (rhomboidal Co4,
Co6, Co8) spin structures. Most striking is the transition
from ferrimagnetic Co4 to non-magnetic Co6, where the
atomic arrangement with respect to the substrate is similar, and the different behavior of the rhombic and parallelogram Co4 clusters (see Figure 1(a)).
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Figure 1. Structure and magnetism of Co and Fe clusters on
W(110): (a) Assumed arrangement of the atoms in clusters Co4,
Co6 and Co12, with calculated moments for each atom. Moments
labeled in black and red correspond to spins pointing into and
out of the surface plane, respectively. (b) Calculated magnetic moments per Co (black circles) and Fe atoms (blue squares). Shown
numbers also include contributions from the small induced moment on W. Red symbols and arrows indicate the clusters that exhibit AFM intra-cluster exchange. Stars are used to denote the moments in tetramers with parallelogram configuration.

Next we tested our results for the different configurations of the initial magnetic moments. In particular, for the
rhombic Co4 system we performed calculations for the different sets of initial moments (ranging from 0 to 5 μB, both
ferro- and antiferro-magnetic), including non-spin-polarized case. The lowest energy case corresponds to the ferrimagnetic structure reported in the paper. In particular, the
non-magnetic state has ~37 meV higher energy that the ferrimagnetic structure. All our calculations are performed for
collinear magnetic states.
The calculated energy difference between parallel and antiparallel spin arrangements for the rhombic
Co4 configuration, chosen in the following as a case example, is ΔE = 240 meV. The Heisenberg exchange coupling parameter Ji j for nearest Co neighbors, estimated
from this value, is 27 meV. The magnitude of the interatomic exchange constants Jij is comparable to that in bulk
Co, which is characterized by an interatomic exchange
parameter J0 = ∑j J0j of 15 meV and a Curie temperature
TC = 1117 °C, but the sign of Ji j is negative (AFM). To determine the thermal stability of the spin structures of the
tetramers, we have performed Monte Carlo simulations
using the Metropolis scheme. The simulations show that
the intra-cluster spin correlations are very stable in fields
up to 10 T and at temperatures below 100 K.
Figure 2 shows densities of states (DOS) per Co atom for
the ferrimagnetic rhombic Co4 clusters on W(110) and compares the corresponding effective exchange parameter with
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Figure 2. Densities of states and exchange parameter for rhombic
clusters: Co DOS for ferrimagnetic Co4 cluster (top) and calculated
exchange parameter J0 (bottom) as a function of valence band filling for hcp Co (dotted red line) and for Co4/W(110) (solid blue
and dashed black lines).

that of bulk ferromagnets. To compare different iron-series
transition-metal elements, we consider the band-filling dependence of the DOS and of J0, plotting both quantities as
a function of the number n of valence electrons per transition-metal atom. Fe and Co correspond to n = 8 and n = 9,
respectively. The dotted red line in Figure 2 (bottom panel)
is the well-known band-filling dependence of the exchange
in hcp bulk materials. More generally, it is known that J0
is positive for bulk hcp Co and bcc Fe (ferromagnetism),
small and volume dependent for fcc Fe (leading to possible
non-collinear or spin-density wave structures), and negative for Mn (antiferromagnetism). The overall shape of the
J0(n) curve changes considerably if calculated for Co clusters on W(110) (solid blue and dashed black line), resulting
in a negative J0, or AFM coupling.
A close examination of the band structure for the ferrimagnetic Co4 cluster shows that the hybridization of Co
states with states of the W substrate mediates and modifies the exchange coupling between the Co atoms. A crucial feature of the small clusters is that each Co atom has
W atoms as nearest neighbors but Co atoms only as nextnearest neighbors. This means that some Co states, specifically the ‘in-plane’ xy and x2 − y2 orbitals, become strongly
hybridized with the W states. Since the tungsten substrate
exhibits very little spin polarization, it actually suppresses
the magnetic moment of the Co xy and x2 − y2 orbitals.
There is a simple connection between the shape of the
J0(n) curve and the location of the corresponding peaks
in DOS in Figure 2. The site-projected DOS of the Co (top
panel) exhibits one narrow and localized peak, formed
mostly by majority-spin states of xz, yz, and z2 − r2 character, and a similar peak exists in the minority band. As a result, the exchange coupling exhibits two Fano-like oscilla-

3

Figure 3. Densities of states and exchange parameter for rhombic
clusters: Fe DOS for ferromagnetic cluster (top) and calculated exchange parameter J0 (bottom) as a function of valence band filling
for Fe4/W(110). Solid blue and dashed black lines correspond to
the Fe-1 and Fe-2 atoms, in the same geometry as indicated for the
Co-1 and Co-2 atoms in Figure 2.

tions as a function of band filling, and the Fermi energy of
Co4/W(110), corresponding to n = 9, is located in a region
where J0 is negative.
Fe clusters on the other hand have ferromagnetic exchange coupling with the energy of FM state lower than
the one of AFM in Fe4 rhombic cluster by 600 meV. Local
magnetic moments of Fe are much larger than in Co4 cluster (M(Fe-1) = 2.42 μB, M(Fe-2) = 2.48 μB), and a noticeable
magnetization is induced in W substrate (M =− 0.27 μB).
The local magnetic moments of ferrimagnetic cluster are
−1.8 μB and 2.2 μB, respectively, i.e. reduced with respect to
ferromagnetic case. Overall the shape of the J0(n) as a function of the band filling is similar to the case of Co. With the
Fe electron occupancy being smaller than that of Co, the
exchange coupling shifts to ferromagnetic as shown in Figure 3. Following the trend we calculated the ground state
properties for Mn4 cluster and found that the exchange is
ferromagnetic confirming the extrapolation from J0(n) calculated the Co4 cluster calculations. The energy of FM
ground state for Mn4 cluster is lower than that of the ferrimagnetic state by ΔE = 440 meV. Magnetization of the
FM Mn4 cluster is 11.2 μB, while in the AFM state the local
magnetic moment is reduced only slightly to −2.3 μB and
+2.7 μB, respectively.
In conclusion, our calculations show that atomic clusters
of Co on W exhibit magnetic behavior different than other
Co systems. In particular, the Co clusters are ferri-, ferroor non-magnetic, depending on cluster size and geometry.
Given the scientific and technological importance of magnetic moment and magnetization, this is a step towards
creating unprecedented magnetic materials with interesting new and potentially useful properties. We find surprising trend in the exchange coupling of ultra-small clusters
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where Co clusters exhibit ferrimagnetic order (usually not
observed in the bulk), while Fe and Mn systems exhibit ferromagnetic order.
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